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The type 1 insulin-like growth factor receptor (IGF-1R) tyrosine
kinase is an important mediator of the protumorigenic effects of
IGF-I/II, and inhibitors of IGF-1R signaling are currently being
tested in clinical cancer trials aiming to assess the utility of this
receptor as a therapeutic target. Despite mounting evidence that
the highly homologous insulin receptor (IR) can also convey
protumorigenic signals, its direct role in cancer progression has
not been genetically defined in vivo, and it remains unclear
whether such a role for IR signaling could compromise the efficacy
of selective IGF-1R targeting strategies. A transgenic mouse model
of pancreatic neuroendocrine carcinogenesis engages the IGF
signaling pathway, as revealed by its dependence on IGF-II and
by accelerated malignant progression upon IGF-1R overexpression.
Surprisingly, preclinical trials with an inhibitory monoclonal anti-
body to IGF-1R did not significantly impact tumor growth,
prompting us to investigate the involvement of IR. The levels of
IR were found to be significantly up-regulated during multistep
progression from hyperplastic lesions to islet tumors. Its functional
involvement was revealed by genetic disruption of the IR gene in
the oncogene-expressing pancreatic β cells, which resulted in re-
duced tumor burden accompanied by increased apoptosis. Nota-
bly, the IR knockout tumors now exhibited sensitivity to anti–IGF-
1R therapy; similarly, high IR to IGF-1R ratios demonstrably con-
veyed resistance to IGF-1R inhibition in human breast cancer cells.
The results predict that elevated IR signaling before and after
treatment will respectively manifest intrinsic and adaptive resis-
tance to anti–IGF-1R therapies.

multistage tumorigenesis | pancreatic neuroendocrine tumor | insulin
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Up-regulation of insulin-like growth factor (IGF) signaling,
via alterations in the expression levels of the ligands,

receptors, and/or six regulatory binding proteins, has been
documented in various malignancies; both in vitro and in vivo
studies have implicated this signaling axis in tumor initiation and
progression (1–3). Most of the biological actions of the IGFs are
mediated by the IGF-1R and insulin receptor (IR) tyrosine
kinases, which share high homology at the amino acid level,
particularly in the catalytic domains, differing primarily in their
ligand binding specificities (4). Whereas IGF-I and insulin are
highly selective for binding to IGF-1R or IR, respectively, IGF-II
binds both the IGF-1R as well as an alternative splice variant of
the IR, termed IR-A (5). Because of the high homology between
the IGF-1R and IR, these receptors can also heterodimerize to
form hybrid receptors, composed of one IGF-1R α and β subunit
complex and one IR αβ complex (6). These hybrid receptors
differ in their ligand binding specificities as a function of the IR
isoform involved (7). Interestingly, expression of IR-A, often
referred to as the fetal isoform of the IR, predominates in fetal
tissues compared with their adult counterparts and has been

shown to be elevated in several human malignancies (e.g., breast,
colon, and lung cancer) (8).
The involvement of the IGF system in cancer is supported by

experimental evidence from a number of studies that have in-
vestigated the roles of the IGF-1R in cell transformation medi-
ated by various potent oncogenes, as well as in cell survival,
proliferation, invasion, and metastasis (9, 10). These studies,
combined with epidemiologic data linking alterations in the
levels of circulating IGFs with cancer risk/prognosis, have fo-
cused attention on IGF-1R as a therapeutic target in cancer (11,
12). To date, most therapeutic strategies have aimed to specifi-
cally inhibit IGF-1R while sparing IR, on the basis of the concern
that cotargeting IR would lead to unacceptable toxicity as a re-
sult of its role in physiologic metabolism. Because of the po-
tential role of IR in contributing to IGF signaling, it remains
unclear whether avoiding inhibition of IR could compromise
efficacy. A number of companies have developed IGF-1R
inhibitors (either small-molecule inhibitors or monoclonal anti-
bodies), some of which have entered into phase III clinical trials
for treating human cancer. The monoclonal antibodies typically
block ligand binding with consequent down-regulation of cell-
surface IGF-1R, while avoiding cross-reactivity with IR. In phase
I trials, these antibodies seem to be well tolerated, with mild
hyperglycemia as the most common toxicity (12).
Previous studies in our laboratory and others have demon-

strated the potential utility of genetically engineered mouse
models of cancer for preclinical testing of cancer therapeutic
agents (13, 14). In particular, studies using the RIP1-Tag2
transgenic mouse model of cancer, in which expression of SV40
T antigens under the control of the rat insulin gene promoter
(RIP) invokes a multistage pathway to pancreatic neuroendo-
crine tumors (PNET) of the islet β cells, have yielded useful
insights regarding the success of antiangiogenic agents (15–17).
In addition to oncogene expression in the ≈400 pancreatic islets
in the mouse, engagement of IGF signaling components has
been identified as a secondary event driving the stochastic initi-
ation and progression of PNET tumorigenesis in this model.
IGF-II expression was found to be focally activated concomitant
with the initiation of β cell hyperproliferation and implicated as
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an antiapoptotic survival factor important for malignant tumor
development via IGF-II gene knockout crosses (18, 19). The
potential involvement of the IGF-1R as the signaling receptor
for IGF-II was suggested by subsequent studies in which forced
up-regulation of IGF-1R levels in the β cells of RIP1-Tag2 mice
dramatically accelerated tumorigenesis, with the resulting
tumors exhibiting a more malignant phenotype, characterized by
widespread invasion and an increased frequency of lymph node
metastasis (20).
Despite the striking dependence on IGF-II signaling for tumor

development in this PNET model, selective therapeutic targeting
of the IGF-1R using an inhibitory monoclonal antibody, cur-
rently in phase II clinical testing for a wide range of human
malignancies, did not markedly impact tumor growth. We de-
termined that the IR was serving as a second signaling receptor
for IGF-II and used genetic knockout studies to confirm a role
for IR in PNET tumor progression and in contributing to re-
sistance to anti–IGF-1R therapy in vivo. The later finding was
extended to human breast cancer cells, a cancer in which anti–
IGF-1R targeted drugs are currently in clinical testing.

Results
Inhibitory Monoclonal Antibody to the IGF-1R Fails to Impair Tumor
Growth in RIP1-Tag2 Mice. To assess the necessity of IGF-1R as
a mediator of IGF-II survival signaling and as an effective ther-
apeutic target in the RIP1-Tag2 PNET model, mice were treated
with an inhibitory monoclonal antibody to the IGF-1R, IMC-A12,
for a 3-week period using an intervention trial design (15) tar-
geting growth from nascent solid tumors into lethal pancreatic
adenomas and carcinomas. Immunodeficient RIP1-Tag2, Rag−/−

mice lacking B and T lymphocytes were used to obviate concerns
about neutralizing immune responses developing against the fully
human therapeutic antibody; previous studies have shown that the
absence of an adaptive immune system does not impact the typical
multifocal and multistep PNET tumorigenesis pathway in RIP1-
Tag2 mice (16). A12 has been shown to effectively block binding
of IGF-I and IGF-II to the human IGF-1R [A12 comparably
inhibits ligand binding to mouse IGF-1R, although it binds

the mouse receptor with a slightly reduced affinity (KD=1.5–2.7 ×
10−10 M)]; upon prolonged binding, A12 elicits receptor in-
ternalization and degradation, resulting in a significant reduction
in growth of multiple tumor cell types (21). A12 treatment was
well tolerated, with no loss of body weight or apparent morbidity
throughout the 3-week trial (Fig. S1A). In contrast to the genetic
studies demonstrating an important role for IGF-II (18), A12
treatment did not result in a significant reduction in overall tumor
burden (Fig. 1A), although there was a 30% reduction in tumor
number compared with control antibody treated mice (Fig. 1B;
P = 0.04). To assess possible short-term effects of A12 on tumor
cell apoptosis and proliferation, RIP1-Tag2 mice with mid- to
late-stage tumors (13 to 14 weeks) were treated with A12 or
control antibody, and analyzed 4 days after the first dose. A
modest yet significant 1.3-fold increase in apoptotic cells was
observed (Fig. 1C; P = 0.01), whereas there was no effect on tu-
mor cell proliferation (Fig. 1D).
In light of the known role of the IGF-1R in invasion (22, 23) and

given that RIP1-Tag2; RIP-IGF-1R double transgenic mice de-
veloped tumors with an increased invasive phenotype (20), we
assessed the invasive phenotype of the islet tumors after the
3-week intervention trial with A12. A12 treated mice did not ex-
hibit a significant alteration in the distribution of noninvasive vs.
invasive carcinomas (Fig. S1B), although we could not rule out
subtle differences in the degree of invasiveness of the resultant
carcinomas in the differentially treated mice.
Owing to the modest effects of A12 on PNET tumor growth,

we next assessed the biochemical effects of inhibitor treatment
on IGF-1R protein levels and on inhibition of downstream sig-
naling components. RIP1-Tag2 mice were treated with a single
dose of A12 or control antibody and analyzed 6 h after injection,
a procedure previously determined to markedly reduce IGF-1R
and phospho-MAPK levels in a pancreatic cancer cell xenograft
model (21). A12 treatment resulted in an approximately 2-fold
reduction in IGF-1R protein levels, although no accompanying
inhibition of AKT or MAPK kinase (MEK) phosphorylation was
observed (Fig. 1E); on the contrary, MEK phosphorylation was
curiously increased in the A12 treated tumors. Given the lack of
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Fig. 1. An IGF-1R inhibitor does not significantly impair tumor growth in RIP1-Tag2 mice. (A and B) RIP1-Tag2; Rag-KO mice were treated in a 3-week in-
tervention trial with the A12 anti–IGF-1R mAb or control antibody from 10 to 13 weeks of age (n = 13, control antibody treated mice; n = 15, A12 treated
mice). Effects of A12 on tumor burden (A) and tumor number (B; *P = 0.04). (C and D) RIP1-Tag2 mice of tumor-bearing age (13 to 14 weeks) were treated in
a short-term, 4-day trial with A12 or control antibody to assess effects on tumor cell apoptosis (C) as measured by TUNEL staining (*P = 0.01) and on pro-
liferation (D) as measured by BrdU incorporation. Results represent values calculated from 15 to 20 tumor sections from three mice per group. Mean values
plus SEM indicated; two-tailed, unpaired t test (with Welch correction for C and D) for statistical significance. (E) RIP1-Tag2 mice were treated with 1 mg A12
or control antibody and analyzed 6 h after injection. Pools of seven to eight tumors from three to four mice per group were analyzed by Western blotting for
protein levels of IGF-1R and phosphorylated AKT (pAKT) and MEK (pMEK); blots were stripped and reprobed with antibodies to total AKT and MEK1/2 for
protein load control.
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inhibition of the major AKT/MAPK signaling pathways by the
anti–IGF-1R antibody, the modest increase observed in apo-
ptotic rate may be attributable to antibody-dependent cell-me-
diated cytotoxicity elicited by the IgG1 antibody isotype. To
ensure that the inhibitory antibody was effectively entering the
tumors and could bind the mouse receptor, the same protein
extracts used in the previous experiment were incubated with
protein A–agarose to precipitate any antibody/IGF-1R com-
plexes. IGF-1R protein was effectively precipitated by protein A
in the extracts from A12 treated mice but not control antibody
treated mice (Fig. S1C).

Second Signaling Receptor for IGF-II Is Expressed During PNET
Tumorigenesis. Because of the incongruity between the dramatic
impairment in tumor growth upon genetic ablation of IGF-II and
the minimal impact of the IGF-1R inhibitor, we questioned
whether a second signaling receptor could be contributing to the
tumor-promoting functions of IGF-II in this model. We therefore
assessed expression of the other known signaling receptor for
IGF-II, the fetal isoform of the IR, IR-A. The expression pattern
of the two IR isoforms was also examined in different mouse
organs to determine whether their expression pattern resembles
that previously characterized in human tissues. As expected from
the human data, expression of IR-B was found to predominate in
liver and adipose, major insulin-responsive tissues, whereas IR-A
expression predominated in the brain and spleen (Fig. S2), sug-
gesting a conserved function of these splice variants. Both IR-A
and IR-B isoforms were expressed in normal islets and during all
lesional stages of islet tumorigenesis in RIP1-Tag2 mice, with
a slight decrease in expression of IR-A relative to IR-B in tumors
(Fig. 2A). Quantitative RT-PCR also demonstrated a modest
(approximately 2-fold) decrease in total IR RNA levels in tumors
compared with normal islets (Fig. S2B), which was in contrast to
the near 7-fold increase in protein expression of the fully pro-
cessed, mature form of the IR in tumors (Fig. 2B), indicating that
this up-regulation occurs posttranscriptionally. A more modest
increase in IR protein levels occurred in angiogenic islets com-
pared with normal and hyperplastic islets, which expressed rela-
tively low levels of mature IR protein. IGF-1R protein levels were
similarly up-regulated by approximately 3-fold in angiogenic
islets, with a less dramatic up-regulation in tumors compared with
IR (Fig. 2B); as with IR, the increase in protein levels did not
correlate with mRNA levels, which were decreased with pro-

gression to tumors (Fig. S2B). To confirm that IR expressed in
islet tumor cells could serve as a signaling receptor for IGF-II,
RIP1-Tag2 tumor-derived βTC4 cells that express very low levels
of IGF-1R were stimulated with IGF-II. Western blotting
revealed that IGF-II stimulation resulted in phosphorylation of
IR in these cells (Fig. 2C). Hence, two known signaling receptors
for IGF-II, IGF-1R and IR are expressed and up-regulated in
RIP1-Tag2 tumors.

Tissue-Specific Knockout of IR Impairs Tumor Development and
Tumor Cell Survival. To investigate whether signaling via IR could
contribute to tumor progression, and to generate a genetic context
in which we could examine the effects of IGF-1R inhibition in the
absence of IR expression, we producedRIP1-Tag2mice containing
a tissue-specific knockout of IR in their β cells (β-IRKO) using the
Cre-loxP system of homologous recombination, with Cre recom-
binase expression driven by the RIP promoter (RIP-Cre). RIP1-
Tag2; β-IRKOmice were examined at 13 weeks of age, a time point
at which previous studies examining the effect of loss of IR ex-
pression in pancreatic β cells of WT mice demonstrated modest
phenotypic effects (24). RIP1-Tag2; β-IRKO mice exhibited a sig-
nificant 2-fold reduction in tumor volume comparedwith their β-IR
WT littermates (Fig. 3A; 38 vs. 19 mm3; P= 0.001). There was also
a significant difference comparing RIP1-Tag2; β-IRKO mice with
the heterozygous IR knockouts (31.5 vs. 19 mm3; P = 0.02). The
reduced tumor burden in the RIP1-Tag2; β-IRKO mice was ac-
companied by a significant 1.5-fold increase in the percentage of
apoptotic cells compared with tumors from RIP1-Tag2; β-IRwt
mice (Fig. 3B; P = 0.006), whereas there was no significant differ-
ence in tumor cell proliferation (Fig. 3C) or in the incidence of
invasive carcinomas within the resultant tumors (Fig. S3).
To confirm that IR expression was efficiently ablated in

tumors from RIP1-Tag2; β-IRKO mice, pools of tumor extracts
from β-IRKO and WT tumors were examined for IR protein
expression. Although the total levels of IR protein were reduced
(by ≈55%) in the RIP1-Tag2; β-IRKO tumor pools compared
with WT pools, a substantial amount of IR protein expression
remained in the β-IRKO tumors (Fig. 3D, Left), and none of the
individual tumors examined exhibited complete loss of IR ex-
pression (Fig. S4A). The incomplete loss of IR expression was
not due to global silencing of the Cre transgene, because both
IRKO and WT tumors expressed comparable levels of Cre
protein, and only 1 of the 10 tumors completely lacked Cre ex-
pression. Given that β cells constitute ≈90% of the cell pop-
ulation of RIP1-Tag2 tumors and that normal islets (≈75% β
cells) express very low levels of mature IR protein (Fig. 2B), it is
implausible that the substantial IR expression remaining in the
β-IRKO tumors comes solely from the non–β cell compartment
of the tumors. Furthermore, tumor cell lines derived from four
independent tumors that arose in RIP1-Tag2; β-IRKO mice all
expressed WT levels of IR protein, albeit in this case with con-
comitant loss of Cre protein expression (Fig. S4B). Interestingly,
examination of different stages of islet tumor progression
revealed relatively efficient recombination of the IR gene in
a pool of hyperplastic islet lesions, whereas progression to an-
giogenic lesions and tumors was associated with comparably
more incomplete recombination at this locus (Fig. 3D, Middle).
Collectively, the results are suggestive of a selective pressure to
maintain some degree of IR signaling both in vivo and in vitro for
tumor cell growth/survival, either by loss of Cre expression (as
was the case in the tumor cells lines), or by an as of yet undefined
epigenetic mechanism (resulting in incomplete recombination at
the IR-lox locus). Notably, IGF-1R protein levels were markedly
elevated in RIP1-Tag2; β-IRKO tumors (Fig. 3D, Left), poten-
tially serving as an additional mechanism to compensate for
suspected cell lethal effects of IRKO in PNET cancer cells,
thereby masking the potential impact from loss of IR expression,
particularly with regard to effects on tumor growth, apoptosis,

norm
al

hyperplastic

angiogenic

tumor

IR-B

IR-A

norm
al

hyperplastic

angiogenic

tumor

IR

IGF-1R

actin

A

B C
pIR

IR

- IG
F

-I
I

Fig. 2. The IR isoform A, a second signaling receptor for IGF-II, is expressed
throughout the stages of RIP1-Tag2 tumorigenesis. (A) RT-PCR to detect IR
isoform expression in mRNA isolated from normal islets and preneoplastic
islets and tumors from RIP1-Tag2 mice. IR-A is expressed in normal islets and
at all stages of RIP1-Tag2 tumorigenesis. (B) Expression of IR and IGF-1R
protein is up-regulated in the multistage PNET tumorigenesis pathway.
Protein extracts from normal, nontransgenic islets and from hyperplastic,
angiogenic islets, and tumors of RIP1-Tag2 mice were immunoblotted with
antibodies to the IR and IGF-1R β chain and to β-actin as a loading control. (C)
IGF-II activates the IR in β tumor cells isolated from a RIP1-Tag2 tumor. βTC4
cells were stimulated with or without IGF-II and phosphorylated IR protein
visualized after immunoprecipitation of protein extracts with an antibody to
the IR β chain followed by immunoblotting with an anti-pTyr antibody.
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and invasion. IGF-1R protein levels were not increased in
β-IRKO islets from mice that did not express the SV40 T-antigen
oncogene (Fig. 3D, Right). Moreover, the islets in this context
exhibited a more complete ablation of IR expression.

Loss of IR Expression Sensitizes Tumors to IGF-1R Inhibition. Having
established that IR was functionally contributing to PNET tu-
morigenesis in RIP1-Tag2 mice, and that the IGF-II-binding
isoform was expressed throughout the pathway, we considered
the possibility that this parallel signaling pathway might consti-

tute a basis for the intrinsic resistance we observed to anti–IGF-
1R therapy, in terms of minimal reduction of AKT phosphory-
lation and minimal therapeutic efficacy. To test this hypothesis,
tumor-bearing RIP1-Tag2; β-IRKO mice were treated with
a single dose of A12 or control antibody and analyzed 6 h after
injection, as in Fig. 1E. This single treatment resulted in an 80%
decrease in IGF-1R protein levels, which was now accompanied
by a near complete inhibition of AKT phosphorylation. The in-
creased efficacy of A12 in inducing IGF-1R down-regulation in
the setting of IR-KO is curious and could indicate enhanced
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Fig. 3. Tissue-specific knockout of IR in β cells impairs PNET tumorigenesis. (A–C) Double transgenic RIP1-Tag2, RIP-Cre mice of the indicated IR genotypes
were analyzed at 13 weeks of age: β-IR WT (+/+); heterozygous β-IRKO (fl/+); and β-IRKO (fl/fl). (A) Effects on tumor burden; n = 13 (+/+), n = 22 (fl/+), n = 37 (fl/
fl); *P = 0.001 compared with β-IRwt mice, *P = 0.02 compared with fl/+ mice (B and C) Effects on apoptosis (B; *P = 0.006) and proliferation (C; P = 0.33); n = 17
tumor sections from five mice (+/+), n = 18 tumor sections from eight mice (fl/fl). Bars represent mean values ± SEM. Two-tailed, unpaired t test (with Welch
correction for B and C). (D) Selection against complete loss of insulin/IGF signaling receptors in tumor cells. IR and IGF-1R protein levels in pooled tumor
extracts from RIP1-Tag2, β-IRKO mice (Left). Tumor pools consist of equal protein amounts from 5 tumors from 4 mice (IR +/+) and 10 tumors from 10 mice (IR
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from β-IRKO mice (Right; αβ precursor depicted owing to low levels of processed, mature protein).
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function in inhibiting IGF-1R homodimers as compared with
IGF-1R/IR hybrid receptors; although at least in the case of the
human receptors, A12 was demonstrated to effectively block li-
gand binding and signaling of hybrid receptors (21). As in the
WT RIP1-Tag2 mice, a slight increase in MEK phosphorylation
was observed with A12 treatment, although total pMEK levels in
the anti–IGF-1R antibody treated IR-KO tumors were still di-
minished compared with the WT tumors (Fig. 4A).
We next subjected the RIP1-Tag2; β-IRKO mice to a short-

ened 2-week intervention trial with A12, treating from 12 to 14
weeks of age. The 2-week trial was designed to minimize the
potential for confounding results of a neutralizing antibody re-
sponse to the fully human antibody that could in principle occur
within the time frame of a typical 3-week intervention trial in the
immunocompetent RIP1-Tag2; β-IRKO mice. The multiplicity
of transgenic and gene-targeted alleles precluded incorporation
of the homozygous Rag1-KO allele to obviate this potential, as
was used in the initial assessment of A12 shown in Fig. 1. The
later start time (12 weeks in the β-IRKO mice compared with 10
weeks in the IR WT mice) was chosen to achieve a comparable
tumor burden at the end point of the trial in control antibody
treated mice. In contrast to the negligible efficacy of A12 in
RIP1-Tag2 mice with WT β cell IR levels, A12 treatment of
RIP1-Tag2; β-IRKO mice resulted in a significant 2-fold de-
crease in tumor burden (Fig. 4B; P = 0.02) and tumor number
(Fig. 4C; P = 0.0005). Inhibition of tumor cell proliferation was
the likely mechanism accounting for the reduced tumor burden,
in that a single dose of A12 resulted in a significant 34% re-
duction in the percentage of proliferating cells (P = 0.02),
whereas the percentage of apoptotic cells was not significantly
altered (Fig. 4 D and E). In light of the robust inhibition of
pAKT, the lack of substantial effect on apoptosis was unex-
pected. It is possible that analysis at other time points might have
revealed more of an effect or that other cell survival mecha-
nisms, such as autophagy, could be affected by A12. Because
apoptosis is associated with aberrant β cell proliferation in RIP1-
Tag2 mice, a decrease in the rate of cell proliferation by A12
could be abating the impetus for apoptosis. It is also surprising
that interference with IGF-1R by A12 treatment did not ap-
preciably affect the invasive phenotype of the resultant tumors
(Fig. S5), although we could not rule out subtle effects. Thus, in
this IGF-II–driven cancer model, both IR and IGF-1R signaling
must be dampened to measurably inhibit AKT activation and
maximally hinder tumor growth.

Differential IGF1R/IR Ratios Correlate with Sensitivity of Human
Breast Cancer Cells to IGF-1R Inhibition. To begin extending our
findings to human cancer, we next investigated whether the IR
might also contribute to insensitivity to IGF-1R inhibition in
human breast cancer cells. Most human breast carcinomas over-
express IGF-1R and/or IR (25, 26), and numerous studies support
the important role of IGF-signaling in this disease (27, 28).
Clinical trials are currently underway in breast cancer with a va-
riety of IGF-1R targeting agents, including A12. As shown in Fig.
S6, A12 treatment significantly inhibited IGF signaling in cell lines
with high IGF-1R to IR expression ratios (MCF-7, T47D),
whereas it was comparably ineffective in those characterized by
low IGF-1R to IR ratios (MDA-MB-231 and -157). Of note,
MDA-MB-231 cells also displayed marked resistance to A12 in
a s.c. xenograft tumor model (Fig. S7), in contrast to MCF-7 cells,
which were previously demonstrated to be highly sensitive to A12
in this assay (21).
We next asked whether the responses to A12 could be en-

hanced by suppressing levels of IR expression. As shown in Fig. S8
A and B, knockdown of IR expression with anti-IR siRNAs
markedly sensitized the more resistant MDA-MB-231 cells to
A12, as evidenced by a now highly effective inhibition of IGF-1R/
IR and AKT phosphorylation in response to IGF stimulation. To

assess the functional effects of IR knockdown, stable knockdown
of IR expression was achieved in these cells by lentiviral-mediated
transduction with an IR-targeting shRNA (Fig. S8C), and the
ability of A12 to interfere with anchorage-independent growth
was assessed. Previous studies have demonstrated that growth of
some cancer cells in anchorage-independent conditions is criti-
cally dependent on IGF-1R expression (10). Although A12 was
able to significantly inhibit colony formation (by 45%) in MDA-
MB-231 cells transduced with a nonsilencing (NS) shRNA (Fig.
5A; P < 1 × 10−6), knockdown of IR expression appreciably en-
hanced this effect, producing a 75% reduction in colony number
compared with control treated cells (P < 1 × 10−10). IR knock-
down in the absence of A12 treatment also modestly inhibited
colony formation, by≈30% (P < 0.0001). In contrast to the effects
of IR knockdown and A12 treatment on anchorage-independent
growth of the MDA-MB-231 cells, monolayer growth of these
cells, as determined in an 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay, was unaffected by
both IR knockdown and A12 treatment (Fig. S8D), consistent
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Fig. 5. Enhanced growth inhibition of breast cancer cells by IGF-1R inhibitor
in the setting of IR knockdown. (A) MDA-MB-231 cells stably transduced with
an NS or IR-targeting shRNA were grown in soft agar in the presence of
control or A12 antibodies. Images (Upper) and values (Lower) from two in-
dependent experiments, repeated in triplicate are depicted; Mean values
plus SD are indicated and expressed as percentage colony formation relative
to that of NS-shRNA expressing, control antibody treated cells; *P < 0.0001,
**P < 1 × 10−5, ***P < 1 × 10−6, ****P < 1 × 10−11; two-tailed, unpaired t
test. (B) MCF-7 cells were transfected with control or IR siRNAs and serum-
starved cells were stimulated 48 h later with 10 nM IGF-I or 20 nM IGF-II or
left unstimulated in the presence of control or A12 antibodies (100 nM) for
an additional 48 h. Cell growth was assessed by incubation with MTT and
values normalized relative to growth of control treated, unstimulated cells.
Mean values plus SEM are indicated. Results representative of four in-
dependent experiments performed in triplicate. *P < 0.01, **P < 0.001, two-
tailed, unpaired t test. (Magnification: A, ×3.4.)
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with previous reports demonstrating that whereas IGF-1R ex-
pression is critical for growth of cells in anchorage-independent
conditions, it can be dispensable for growth and survival of certain
cancer cells (includingMDA-MB-231 cells) in monolayer cultures
(10, 22, 29).
Because knockdown of IR appreciably enhanced the efficacy

of A12 in the MDA-MB-231 cells, which have a relatively high
ratio of IR to IGF-1R expression, we wondered whether the
efficacy of A12 could also be enhanced by suppression of IR in
the already sensitive MCF-7 cells, which have very high levels of
IGF-1R, and hence a high IGF-1R to IR ratio despite expressing
IR at appreciable levels. In fact, IR knockdown in MCF-7 cells
effected a more complete abolition of IGF-stimulated phos-
phorylation of IGF-1R/IR and MEK in response to A12 (Fig.
S8B). To test whether this further sensitization could be ob-
served functionally, we assessed the effect of IR knockdown on
the ability of A12 to inhibit MCF-7 cell proliferation. IR
knockdown did not hinder basal MCF-7 cell growth or signifi-
cantly affect growth in response to IGF-I or II (Fig. 5B). As has
been previously reported (21), A12 was effective in inhibiting
proliferation of MCF-7 cells in response to IGF-I, and we did not
observe further benefit upon IR knockdown (Fig. 5B). In marked
contrast, A12 was not able to significantly inhibit proliferation of
MCF-7 cells in response to IGF-II (P = 0.07), except in the
setting of IR knockdown, in which case a highly significant 63%
decrease in proliferation compared with unstimulated levels was
observed (P = 0.0008). Thus, optimal impairment of growth of
high IR-expressing breast cancer cells via IGF-1R inhibition is
achieved by concomitant knockdown of IR expression.

Discussion
In this study, we demonstrate that the IR is an integral component
of the tumor-promoting IGF signaling axis, contributing to tumor
progression and mediating therapeutic resistance to a pharmaco-
logical inhibitor of the IGF-1R in a mouse model of pancreatic
neuroendocrine cancer. Compared with the IGF-1R, the IR has
received relatively little attention in regard to its potential cancer
promoting properties, likely reflecting recognition of its impor-
tant role in maintaining glucose homeostasis with consequent
concerns about toxicity upon therapeutic intervention; there is,
however, mounting evidence that the IR may also contribute
significantly in transducing protumorigenic effects of IGFs
(30, 31), including a complementary study recently published by
Zhang et al. demonstrating a role for IR in growth and metastasis
of breast cancer cells in vivo (32). Several reports have docu-
mented the overexpression of IR, and in particular the IR-A
isoform, in human cancers (5, 33–37). We hereby provide evi-
dence that up-regulated IR expression can be functionally rele-
vant to tumor progression. Levels of mature IR protein were
markedly increased during multistep progression to tumors in the
RIP1-Tag2 PNET model, and targeted deletion of the IR gene in
pancreatic β cells of these mice impaired tumor progression. In-
terestingly, whereas efficient recombination of the IR gene was
tolerated in normal islets (24) and preneoplastic islet hyper-
plasias, inefficient recombination was observed in more advanced
stages, suggestive of a selective pressure to maintain IR expres-
sion for tumor development. The results implicate IR as an es-
sential gene in the oncogene-expressing cancer cells, in contrast
to normal islet β cells, hinting that tumor cells may be more de-
pendent on IR signaling than their normal counterparts.
In addition to potentially promoting cancer via serving as

a second signaling receptor for IGF-II, binding to insulin itself
may also contribute to protumorigenic signaling of IR (38–42).
Of relevance, epidemiological evidence has demonstrated a link
between hyperinsulinemic states (such as obesity and insulin
resistance) and increased cancer risk (43–46), and studies in
animal models have presented evidence for a stimulatory effect
of hyperinsulinemia (47, 48) and conversely, an inhibitory effect

of insulin deficiency (49–51) on cancer growth. In this regard, the
reduced tumor burden and increased apoptosis observed in the
RIP1-Tag2; β-IRKO mice may in part be explained by a defect in
insulin signaling. Interestingly, an increased responsiveness of
cultured human breast cancer cells to insulin in the setting of
down-regulated IGF-1R has been reported (52), thus raising the
possibility that increased insulin signaling via IR, in parallel with
IGF-II→IR signaling could also be contributing to resistance to
anti–IGF-1R therapy in the RIP1-Tag2 PNET model.
Reflecting the expected negative consequences of inhibiting

normal metabolism controlled by IR signaling, recent therapeutic
strategies to target the IGF pathway have focused on the de-
velopment of specific inhibitors to the IGF-1R. A current chal-
lenge in such efforts is to identify biomarkers that can predict
response. It is curious that IR has not been prominently identified
as a resistance factor in reports describing such attempts (53).
Given that IR levels can be regulated posttranscriptionally, the
widespread utilization of RNA expression levels to screen for
potential biomarkers may in part explain this oversight. Although
a selective IGF-1R targeting strategy may be effective in IGF-I
driven cancers with high IGF-1R expression, as demonstrated in
an activated Kras-driven mouse model of basal-like breast cancer
(54), it may not be as effective in the setting of high IR to IGF-1R
expression ratios, particularly in cancers coexpressing IGF-II and
IR-A, as has been recently demonstrated in osteosarcoma (36)
and herein in the RIP1-Tag2 PNET model.
We demonstrate that interference with IR expression in

tumors, thereby increasing levels of IGF-1R relative to IR, was
required for effective suppression of AKT activation and in-
hibition of tumor cell proliferation and tumor growth in a ther-
apeutic intervention trial with the A12 IGF-1R inhibitor. Thus,
inhibition of tumor growth via targeting the IGF signaling
pathway in this IGF-II dependent tumor type requires concom-
itant suppression of both of its receptor tyrosine kinases, IGF-1R
and IR. If this result is translatable, then one can predict that
cotargeting IR and IGF-1R with one of the newly described IGF-
1R/IR small-molecule inhibitors that are currently being tested
in phase I clinical trials (55) will prove to have broader efficacy
than drugs that target IGF-1R exclusively; data from future and
ongoing clinical trials will address both this question as well as
elucidate whether such dual targeting can be achieved with ac-
ceptable toxicity. Notably, two phase III clinical trials of another
IGF-1R inhibitory monoclonal antibody (figitumumab) in com-
bination with either chemotherapy or erlotinib (EGFR inhibitor)
in non–small-cell lung cancer were recently discontinued pre-
maturely owing to evident lack of survival benefit; it would be of
interest to determine whether intrinsic resistance conveyed by
preexisting high levels of IR signaling might underlay the lack of
clinical benefit; if so, future trials involving preselection of
patients with tumors that express low levels of IR-A and IGF-II
might produce a responsive cohort with demonstrable efficacy.
In addition to the resistance mediated by IR implicated here-

in, additional mechanisms of intrinsic or acquired resistance to
IGF-1R and potentially to IGF-1R/IR dual targeting drugs can
be envisioned, including amplification/activation of other re-
ceptor tyrosine kinase signaling pathways (e.g., EGFR) and/or
mutations in downstream signaling pathway components (e.g.,
PTEN, PI3K). In fact, increased activity of the EGFR pathway
has been identified as a potential resistance mechanism (56, 57).
It is of note that in addition to dependence on IGF signaling,
RIP-Tag2 tumors have also recently been demonstrated to ex-
hibit sensitivity to pharmacological or genetic inactivation of
EGFR (58), raising the possibility that signaling via EGFR can
also influence the efficacy of IGF pathway targeting strategies in
this model. It was surprising that effective blockade of IGF sig-
naling pathways by A12 did not appreciably affect the invasive
phenotype of the resultant tumors, in contrast to the proinvasive
effects observed upon IGF-1R overexpression (20), perhaps
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suggesting that IGF-1R can enhance but is not obligatory for
cancer cell invasion in this model. The alternative possibility
remains that earlier intervention or a longer duration of thera-
peutic modulation of IGF-1R would prove to impact the
invasive phenotype.
Similar to the mouse PNET tumors, suppression of IR ex-

pression was also required for A12 efficacy in the human breast
cancer cells where IR was more abundantly expressed than IGF-
1R. It is of note that combined targeting of IGF-1R and IR was
remarkably effective in inhibiting anchorage-independent growth
ofMDA-MB-231 cells despite the fact that this cell line is atypical,
in that it contains activating mutations in both RAF and RAS
(59), which are infrequent in human breast cancer. The result
suggests that IGF-1R/IR signaling may convey distinct signals to
those transmitted by the activated Ras pathway, encouraging of
the potential generality and importance of this dual signaling axis.
Moreover, even MCF-7 cells, which overexpress IGF-1R but also
express significant levels of IR-A, required IR knockdown for A12
to fully inhibit IGF-II mediated growth. As such, in the event of
high IR-A expression in an IGF-II expressing cancer, alternative
strategies of inhibiting IGF signaling may be warranted, such as
cotargeting of the IR (or specifically IR-A, if possible), targeting
of downstream signaling pathway components (e.g., PI3K), or
targeting the ligand itself, the latter strategy already implemented
clinically for inhibition of the VEGF pathway with the US Food
and Drug Administration–approved drug bevacizumab. The
possibility of targeting the IGF-II ligand has recently been sug-
gested as a potential therapeutic strategy for IGF-II dependent
osteosarcoma (36) and could be further explored in preclinical
and clinical trials of this and other cancer types, given the recent
development of inhibitory monoclonal antibodies to IGF-II (60)
and a soluble IGF-II trap based on a modified IGF-IIR (61).
The dysregulation of IGF-II expression and/or its bioavailability

is a commonevent in humancancer (1). Strikingly, IGF-II has been
identified as the most highly overexpressed gene in colon cancer
(62), and its increased expression has been associated with colon
cancer risk (63, 64), suggesting a potential functional role in the
disease pathogenesis. Evidence in breast cancer suggests that IGF-
II, rather than IGF-I, may play the predominant role, with ex-
pression commonly found in tumor associated stromal cells and
occasionally in the tumor cells themselves (27). Given the preva-
lence of IGF-II deregulation in human cancer, interfering with its
signaling pathway is of considerable therapeutic interest. Our
studies in the prototypical IGF-II driven RIP1-Tag2 mouse model
of multistage carcinogenesis demonstrate, in vivo, a role for IR in
tumor progression and, importantly, in eliciting intrinsic resistance
to IGF-1R targeting therapy. It can additionally be envisioned that
up-regulation of the IR signaling axis may afford mechanisms of
adaptive resistance to anti-IGF-1R therapeutics in tumors that
initially respond but then relapse. The potential role for IR in

contributing to innate and adaptive resistance to selective IGF-1R
targeting strategies encourages consideration of neoadjuvant
and other trial designs in which patients are either preselected for
low vs. high IR-A and IGF-II levels and/or wherein relapsing
tumors can be analyzed for adaptive effects on IR-A and IGF-
II expression.

Experimental Procedures
Transgenic Mice Breeding. The generation and characterization of RIP1-Tag2
transgenic mice (65), compound RIP1-Tag2, Rag1 knockout immunodeficient
mice (16), RIP2-Cre transgenic mice (66, 67), and IRlox mice containing loxP
sites flanking exon 4 of the IR (24, 68) have been previously described. All
mice were backcrossed into the C57BL/6 background for at least 10 gen-
erations. RIP1-Tag2, RIP-Cre, and IRlox mice were intercrossed to generate
RIP1-Tag2; RIP-Cre; IR+/+, IRfl/+, and IRfl/fl mice for analysis of the effect of loss
of pancreatic β cell IR expression on the RIP1-Tag2 tumorigenesis pathway.
Littermate controls were used in all experiments. Mouse experiments were
performed in accordance with the University of California, San Francisco
institutional review board guidelines.

Pharmacological Trials of IGF-1R Inhibition. The fully human monoclonal in-
hibitory antibody to the IGF-1R, A12 and an isotype control antibody to an
irrelevant antigen (anti-KLHλ IgG1) were obtained from ImClone Systems.
Mice were treated every 3 days with 1 mg A12 or control antibody by i.p.
injection, as previously described (21). Immunodeficient RIP1-Tag2; Rag-KO
mice were used in the 3-week intervention trial to prevent generation of
neutralizing antibody responses; immunocompetent mice were used in the
remaining experiments involving ≤2 weeks of treatment.

Cell Culture Experiments. MTT assays. To assess cell growth, the Vybrant MTT
Cell Proliferation Assay Kit (Molecular Probes) was used according to manu-
facturer’s instructions. Cells were plated in 96-well plates at a density of 5,000
cells per well and absorbance read at 570 nm after the indicated treatments.
Soft agar assays. Cells were resuspended in 0.35% low melting temperature
agarose in DMEM (containing 10% FBS) and plated at a density of 5,000 cells
per well in a six-well plate over a bottom layer of 0.5% agarose. Both top and
bottom agar layers contained 1 μg/mL puromycin and 100 nM control anti-
KLHλ or A12 antibodies, and the agar was overlayed with media supple-
mented with 20 nM IGF-II to stimulate IGF-mediated growth. Colonies were
allowed to develop for 2 weeks. Plates were stained with 0.005% crystal
violet and colonies counted under a dissecting scope; images captured with
Leica DFC500 camera.

ACKNOWLEDGMENTS. We thank Ehud Drori, Marina Vayner, Susan Caca-
cho, and Annie Wang for technical assistance; the University of California,
San Francisco (UCSF) Diabetes and Endocrinology Research Center Islet
Production Facility Core (for islet isolations) and Microscopy and Imaging
Core (for use of their brightfield microscope and histology equipment); the
UCSF Cancer Center Genome Analysis Core (for Taqman analysis); Peter
Olson (UCSF) for contributing useful reagents; Olivier Nolan-Stevaux for
helpful discussions and suggestions for the manuscript; and Rohit Kulkarni
(Joslin Diabetes Center, Boston, MA) for providing the IRlox mice used in
this study. This research was supported by the A. P. Giannini Foundation
for Medical Research (D.B.U), and by a grant from the National Cancer
Institute (D.H.).

1. Samani AA, Yakar S, LeRoith D, Brodt P (2007) The role of the IGF system in cancer

growth and metastasis: Overview and recent insights. Endocr Rev 28:20–47.
2. Pollak MN, Schernhammer ES, Hankinson SE (2004) Insulin-like growth factors and

neoplasia. Nat Rev Cancer 4:505–518.
3. Khandwala HM, McCutcheon IE, Flyvbjerg A, Friend KE (2000) The effects of insulin-

like growth factors on tumorigenesis and neoplastic growth. Endocr Rev 21:215–244.
4. Ullrich A, et al. (1986) Insulin-like growth factor I receptor primary structure:

Comparison with insulin receptor suggests structural determinants that define

functional specificity. EMBO J 5:2503–2512.
5. Frasca F, et al. (1999) Insulin receptor isoformA, a newly recognized, high-affinity insulin-

like growth factor II receptor in fetal and cancer cells.Mol Cell Biol 19:3278–3288.
6. Soos MA, Whittaker J, Lammers R, Ullrich A, Siddle K (1990) Receptors for insulin and

insulin-like growth factor-I can form hybrid dimers. Characterisation of hybrid

receptors in transfected cells. Biochem J 270:383–390.
7. Pandini G, et al. (2002) Insulin/insulin-like growth factor I hybrid receptors have

different biological characteristics depending on the insulin receptor isoform

involved. J Biol Chem 277:39684–39695.
8. Sciacca L, et al. (1999) Insulin receptor activation by IGF-II in breast cancers: Evidence

for a new autocrine/paracrine mechanism. Oncogene 18:2471–2479.

9. Riedemann J, Macaulay VM (2006) IGF1R signalling and its inhibition. Endocr Relat
Cancer 13 (Suppl 1):S33–S43.

10. Baserga R, Peruzzi F, Reiss K (2003) The IGF-1 receptor in cancer biology. Int J Cancer
107:873–877.

11. Pollak M (2008) Insulin and insulin-like growth factor signalling in neoplasia. Nat Rev
Cancer 8:915–928.

12. Gualberto A, Pollak M (2009) Emerging role of insulin-like growth factor receptor
inhibitors in oncology: Early clinical trial results and future directions. Oncogene 28:
3009–3021.

13. Gutmann DH, Hunter-Schaedle K, Shannon KM (2006) Harnessing preclinical mouse
models to inform human clinical cancer trials. J Clin Invest 116:847–852.

14. Olive KP, Tuveson DA (2006) The use of targeted mouse models for preclinical testing
of novel cancer therapeutics. Clin Cancer Res 12:5277–5287.

15. Bergers G, Javaherian K, Lo KM, Folkman J, Hanahan D (1999) Effects of angiogenesis
inhibitors on multistage carcinogenesis in mice. Science 284:808–812.

16. Casanovas O, Hicklin DJ, Bergers G, Hanahan D (2005) Drug resistance by evasion of
antiangiogenic targeting of VEGF signaling in late-stage pancreatic islet tumors.
Cancer Cell 8:299–309.

17. Pàez-Ribes M, et al. (2009) Antiangiogenic therapy elicits malignant progression of
tumors to increased local invasion and distant metastasis. Cancer Cell 15:220–231.

Ulanet et al. PNAS | June 15, 2010 | vol. 107 | no. 24 | 10797

M
ED

IC
A
L
SC

IE
N
CE

S
IN
A
U
G
U
RA

L
A
RT

IC
LE



18. Naik P, Christofori G, Hanahan D (1994) Insulin-like growth factor II is focally up-
regulated and functionally involved as a second signal for oncogene-induced
tumorigenesis. Cold Spring Harb Symp Quant Biol 59:459–470.

19. Christofori G, Naik P, Hanahan D (1994) A second signal supplied by insulin-like
growth factor II in oncogene-induced tumorigenesis. Nature 369:414–418.

20. Lopez T, Hanahan D (2002) Elevated levels of IGF-1 receptor convey invasive and
metastatic capability in a mouse model of pancreatic islet tumorigenesis. Cancer Cell
1:339–353.

21. Burtrum D, et al. (2003) A fully human monoclonal antibody to the insulin-like
growth factor I receptor blocks ligand-dependent signaling and inhibits human
tumor growth in vivo. Cancer Res 63:8912–8921.

22. Dunn SE, et al. (1998) A dominant negative mutant of the insulin-like growth factor-I
receptor inhibits the adhesion, invasion, and metastasis of breast cancer. Cancer Res
58:3353–3361.

23. Samani AA, Brodt P (2001) The receptor for the type I insulin-like growth factor and
its ligands regulate multiple cellular functions that impact on metastasis. Surg Oncol
Clin N Am 10:289–312, viii.

24. Kulkarni RN, et al. (1999) Tissue-specific knockout of the insulin receptor in pancreatic
beta cells creates an insulin secretory defect similar to that in type 2 diabetes. Cell 96:
329–339.

25. Ouban A, Muraca P, Yeatman T, Coppola D (2003) Expression and distribution of
insulin-like growth factor-1 receptor in human carcinomas. Hum Pathol 34:803–808.

26. Papa V, et al. (1993) Insulin-like growth factor-I receptors are overexpressed and
predict a low risk in human breast cancer. Cancer Res 53:3736–3740.

27. Belfiore A, Frasca F (2008) IGF and insulin receptor signaling in breast cancer. J
Mammary Gland Biol Neoplasia 13:381–406.

28. Sachdev D, Yee D (2001) The IGF system and breast cancer. Endocr Relat Cancer 8:
197–209.

29. Bartucci M, Morelli C, Mauro L, Andò S, Surmacz E (2001) Differential insulin-like
growth factor I receptor signaling and function in estrogen receptor (ER)-positive
MCF-7 and ER-negative MDA-MB-231 breast cancer cells. Cancer Res 61:6747–6754.

30. Belfiore A (2007) The role of insulin receptor isoforms and hybrid insulin/IGF-I
receptors in human cancer. Curr Pharm Des 13:671–686.

31. Frasca F, et al. (2008) The role of insulin receptors and IGF-I receptors in cancer and
other diseases. Arch Physiol Biochem 114:23–37.

32. Zhang H, et al. (2010) Inhibition of cancer cell proliferation and metastasis by insulin
receptor downregulation. Oncogene, 10.1038/onc.2010.17.

33. Kalli KR, et al. (2002) Functional insulin receptors on human epithelial ovarian
carcinoma cells: Implications for IGF-II mitogenic signaling. Endocrinology 143:
3259–3267.

34. Vella V, et al. (2002) A novel autocrine loop involving IGF-II and the insulin receptor
isoform-A stimulates growth of thyroid cancer. J Clin Endocrinol Metab 87:245–254.

35. Cox ME, et al. (2009) Insulin receptor expression by human prostate cancers. Prostate
69:33–40.

36. Avnet S, et al. (2009) Insulin receptor isoform A and insulin-like growth factor II as
additional treatment targets in human osteosarcoma. Cancer Res 69:2443–2452.

37. Shah SP, et al. (2009) Mutational evolution in a lobular breast tumour profiled at
single nucleotide resolution. Nature 461:809–813.

38. Benoliel AM, Kahn-Perles B, Imbert J, Verrando P (1997) Insulin stimulates haptotactic
migration of human epidermal keratinocytes through activation of NF-kappa B
transcription factor. J Cell Sci 110:2089–2097.

39. Ish-Shalom D, et al. (1997) Mitogenic properties of insulin and insulin analogues
mediated by the insulin receptor. Diabetologia 40 (Suppl 2):S25–S31.

40. Milazzo G, et al. (1992) Insulin receptor expression and function in human breast
cancer cell lines. Cancer Res 52:3924–3930.

41. Mamounas M, Gervin D, Englesberg E (1989) The insulin receptor as a transmitter of
a mitogenic signal in Chinese hamster ovary CHO-K1 cells. Proc Natl Acad Sci USA 86:
9294–9298.

42. Osborne CK, Bolan G, Monaco ME, Lippman ME (1976) Hormone responsive human
breast cancer in long-term tissue culture: effect of insulin. Proc Natl Acad Sci USA 73:
4536–4540.

43. Pisani P (2008) Hyper-insulinaemia and cancer, meta-analyses of epidemiological
studies. Arch Physiol Biochem 114:63–70.

44. Vigneri P, Frasca F, Sciacca L, Frittitta L, Vigneri R (2006) Obesity and cancer. Nutr
Metab Cardiovasc Dis 16:1–7.

45. Giovannucci E (2007) Metabolic syndrome, hyperinsulinemia, and colon cancer: A
review. Am J Clin Nutr 86:s836–s842.

46. Pollack MN (2007) Insulin, insulin-like growth factors, insulin resistance, and
neoplasia. Am J Clin Nutr 86:s820–s822.

47. Venkateswaran V, et al. (2007) Association of diet-induced hyperinsulinemia with
accelerated growth of prostate cancer (LNCaP) xenografts. J Natl Cancer Inst 99:
1793–1800.

48. Novosyadlyy R, et al. (2010) Insulin-mediated acceleration of breast cancer
development and progression in a nonobese model of type 2 diabetes. Cancer Res 70:
741–751.

49. Heuson JC, Legros N (1972) Influence of insulin deprivation on growth of the 7,12-
dimethylbenz(a)anthracene-induced mammary carcinoma in rats subjected to alloxan
diabetes and food restriction. Cancer Res 32:226–232.

50. Nandi S, Guzman RC, Yang J (1995) Hormones and mammary carcinogenesis in mice,
rats, and humans: A unifying hypothesis. Proc Natl Acad Sci USA 92:3650–3657.

51. Shafie SM, Grantham FH (1981) Role of hormones in the growth and regression of
human breast cancer cells (MCF-7) transplanted into athymic nude mice. J Natl Cancer
Inst 67:51–56.

52. Zhang H, Pelzer AM, Kiang DT, Yee D (2007) Down-regulation of type I insulin-like
growth factor receptor increases sensitivity of breast cancer cells to insulin. Cancer Res
67:391–397.

53. Zha J, et al. (2009) Molecular predictors of response to a humanized anti-insulin-like
growth factor-I receptor monoclonal antibody in breast and colorectal cancer. Mol
Cancer Ther 8:2110–2121.

54. Klinakis A, et al. (2009) Igf1r as a therapeutic target in a mouse model of basal-like
breast cancer. Proc Natl Acad Sci USA 106:2359–2364.

55. Carboni JM, et al. (2009) BMS-754807, a small molecule inhibitor of insulin-like
growth factor-1R/IR. Mol Cancer Ther 8:3341–3349.

56. Desbois-Mouthon C, et al. (2009) Insulin-like growth factor-1 receptor inhibition induces
a resistance mechanism via the epidermal growth factor receptor/HER3/AKT signaling
pathway: Rational basis for cotargeting insulin-like growth factor-1 receptor and epidermal
growth factor receptor in hepatocellular carcinoma. Clin Cancer Res 15:5445–5456.

57. Huang F, et al. (2009) The mechanisms of differential sensitivity to an insulin-like
growth factor-1 receptor inhibitor (BMS-536924) and rationale for combining with
EGFR/HER2 inhibitors. Cancer Res 69:161–170.

58. Nolan-Stevaux O, et al. (2010) Differential contribution to neuroendocrine tumorigenesis
of parallel Egfr signaling in cancer cells and pericytes. Genes Cancer 1:125–141.

59. Hollestelle A, Elstrodt F, Nagel JH, Kallemeijn WW, Schutte M (2007) Phosphatidylinositol-
3-OH kinase or RAS pathway mutations in human breast cancer cell lines. Mol Cancer Res
5:195–201.

60. Feng Y, et al. (2006) Novel human monoclonal antibodies to insulin-like growth factor
(IGF)-II that potently inhibit the IGF receptor type I signal transduction function. Mol
Cancer Ther 5:114–120.

61. Prince SN, Foulstone EJ, Zaccheo OJ, Williams C, Hassan AB (2007) Functional
evaluation of novel soluble insulin-like growth factor (IGF)-II-specific ligand traps
based on modified domain 11 of the human IGF2 receptor. Mol Cancer Ther 6:
607–617.

62. Zhang L, et al. (1997) Gene expression profiles in normal and cancer cells. Science 276:
1268–1272.

63. Cui H, et al. (2003) Loss of IGF2 imprinting: a potential marker of colorectal cancer
risk. Science 299:1753–1755.

64. Jirtle RL (2004) IGF2 loss of imprinting: a potential heritable risk factor for colorectal
cancer. Gastroenterology 126:1190–1193.

65. Hanahan D (1985) Heritable formation of pancreatic beta-cell tumours in transgenic
mice expressing recombinant insulin/simian virus 40 oncogenes. Nature 315:115–122.

66. Postic C, et al. (1999) Dual roles for glucokinase in glucose homeostasis as determined
by liver and pancreatic beta cell-specific gene knock-outs using Cre recombinase. J
Biol Chem 274:305–315.

67. Gannon M, Shiota C, Postic C, Wright CV, Magnuson M (2000) Analysis of the Cre-
mediated recombination driven by rat insulin promoter in embryonic and adult
mouse pancreas. Genesis 26:139–142.

68. Brüning JC, et al. (1998) A muscle-specific insulin receptor knockout exhibits features
of the metabolic syndrome of NIDDM without altering glucose tolerance. Mol Cell 2:
559–569.

10798 | www.pnas.org/cgi/doi/10.1073/pnas.0914076107 Ulanet et al.

www.pnas.org/cgi/doi/10.1073/pnas.0914076107

